propose that Xkid is a major player in the polar ejection Forces acting at kinetochores are, at least in part, forces that move chromosome arms toward the spindle equator. These forces are essential for achieving and maintaining the tight alignment of chromosomes on the ‡ To whom correspondence should be addressed (e-mail: vernos@ embl-heidelberg.de).
to ensure an accurate chromosome segregation. At anaphase, Xkid is inactivated by degradation.
Results

Cloning and Molecular Features of Xenopus Kid
To identify proteins synthesized de novo during oocyte meiotic maturation and therefore potentially involved in the regulation of metaphase, we performed a screen based on the differential association of mRNAs with polysomes in progesterone-treated versus control Xenopus oocytes. One of the clones, closely related in sequence to the motor domain of members of the kinesin family, was used to isolate full-length cDNAs from a Xenopus oocyte cDNA library. Two cDNAs contained ORFs encoding proteins of 651 and 650 amino acids, respectively, with a predicted molecular weight of 73 kDa and a theoretical isoelectric point of 9.57 (Gill and von Hippel, 1989). The protein sequences were 92% identical, suggesting that they might correspond to pseudoalloploid alleles as a consequence of Xenopus tetraploidy (Kobel and Du Pasquier, 1986 ). Database searches indicated that the predicted proteins were more closely related to the chromosome associated human KLP, kid (49% identity throughout and 64% identity in the motor domain alone).
The predicted protein sequence of this KLP has an N-terminal motor domain followed by a region containing a stretch of 50 amino acids predicted to be involved in coiled-coil interactions ( Figure 1A ). Other interesting features include a consensus site for phosphorylation by p34cdc2, three putative nuclear localization signals (NLS), and two helix-hairpin-helix DNA binding motifs class I at the C terminus ( Figure 1A ). This later motif is found in DNA binding proteins like DNA polymerases and, interestingly, in another chromosome associated KLP, Drosophila nod (Zhang et al., 1990 ). All these features are conserved and found at equivalent positions in human Kid ( Figure 1B) . We concluded that the Xenopus KLP we have cloned is likely to be a homolog of Kid and named it Xkid. metaphase oocytes matured by incubation in progesterone. Xkid was present in mitotic egg extracts, almost undetectable in interphase egg extracts, and enriched in the nuclear fraction of Xenopus XL177 cell extracts. Finally, it was strongly associated with the chromatin assembled around DNA coated beads after incubation in mitotic egg extract (Heald et al., 1996) . As a control and for comparison, we reprobed the blots with an antibody against another chromosome associated Xenopus KLP, Xklp1 (Vernos et al., 1995) ( Figure 1C ). We then analyzed the microtubule binding properties of Xkid. In Xenopus egg extracts, Xkid copelleted with microtubules in the presence of the nonhydrolizable ATP analog, AMP-PNP ( Figure 1D) . Elution of the AMP-PNP microtubule pellet with ATP and salt released Xkid almost completely from microtubules, showing that Xkid binds to microtubules in an ATP-dependent manner.
Xkid Localizes to Mitotic Chromosomes In Vivo and In Vitro
We determined the subcellular localization of Xkid by immunofluorescence of Xenopus XL177 cells with the affinity-purified anti-Xkid antibody (Figure 2A ). In interphase, the anti-Xkid antibody strongly stained the nucleus of a subset of cells. This is consistent with the presence of NLS in Xkid sequence and the enrichment of the protein in the nuclear fraction of cell extracts (see above). The observation that some interphase cells did not show any staining at all suggested that Xkid expression might be regulated during the cell cycle. In prophase cells, the antibody very strongly labeled the condensing chromatin. At metaphase, Xkid localized on the chromosomes aligned on the equatorial plate and on spindle microtubules. In early anaphase, Xkid no longer localized to microtubules but remained associated with the chromosomes. In late anaphase, it appeared to concentrate on the proximal part of chromosomes around the putative kinetochore area and finally was found in the reforming nuclei. 
on the Metaphase Plate
To determine the role of Xkid during mitosis, we depleted Xkid from Xenopus egg extracts using the anti-Xkid antibody. Immunoblotting of control and depleted extracts spindles formed and chromosomes aligned on the equatorial plate. Xkid-depleted extract also supported the showed that more than 95% of Xkid was removed from the extract ( Figure 3A) . No other proteins immunoprecipformation of bipolar spindles that were very similar in shape to control spindles, but chromosomes were not itated specifically with Xkid ( Figure 3B) .
To examine the effect of Xkid depletion on spindle aligned on the equatorial plate. They were scattered and appeared as elongated rods stretching along the whole assembly and chromosome movements, demembranated sperm nuclei were added to mock-depleted and length of the spindle ( Figure 3D ). We confirmed by immunofluorescence that Xkid was not present on chromoXkid-depleted egg extracts. These extracts were cycled through interphase and sent back into mitosis by addisomes or anywhere else in these samples (data not shown). These results were quantified by counting the tion of the corresponding mock-depleted or Xkiddepleted extracts. In mock-depleted extracts, bipolar number of bipolar spindles with aligned and misaligned chromosomes in control and depleted extracts. The percentage of spindles with misaligned chromosomes increased from less than 10% in mock-depleted extracts to more than 80% in Xkid-depleted extracts ( Figure 3G ). To demonstrate the specificity of this effect, we tested whether addition of purified 6ϫHis-Xkid ( Figure 3C ) to depleted extracts would be sufficient to rescue the chromosome misalignment phenotype. When added at a concentration similar to endogenous Xkid (56 nM) (Figures 3E and 3F ), 6ϫHis-Xkid rescued completely the chromosome misalignment phenotype. This result demonstrated that the depletion of Xkid from the extract is directly responsible for the misalignment of chromosomes ( Figure 3G ). We then checked whether addition of anti-Xkid antibodies would block the function of Xkid and interfere with chromosome alignment as well. Spindles were assembled in cycled CSF egg extracts containing antiXkid (0.2 mg/ml) or control antibodies. Bipolar spindles assembled under both conditions but at early time points (15-30 min), the mass of condensed chromosomes looked already less compact in the extract containing anti-Xkid antibodies ( Figure 4A ) and by 50 min, condensed chromosomes were scattered on the spindle as in Xkid-depleted extracts. In addition, a few multipolar spindles with scattered chromosomes were observed. Quantification of these experiments showed that the percentage of spindles with misaligned chromosomes rose almost 7-fold in the presence of anti-Xkid antibodies compared to controls ( Figure 4C ). By immunofluorescence on spindles assembled in extract containing the anti-Xkid antibody, we found that Xkid was no longer localized to chromosomes ( Figure 4B ). We conclude that the anti-Xkid antibody blocked Xkid function by interfering with its chromosomal localization. These results suggest that Xkid is required during the early steps of spindle assembly and that its chromosomal localization is essential for its function.
Interfering with Xkid activity did not seem to impair the formation of bipolar spindles, suggesting that Xkid has no function in the organization of microtubules into a localizes to kinetochores (Yao et al., 1997), on spindles assembled in control and Xkid-depleted extracts. In control spindles, chromosomes were aligned on the equatorial plate and the anti-XCENP-E antibody decorated the kinetochores as paired dots aligned in a narrow line along the equator of the spindles. Spindles assembled in Xkid-depleted extracts showed the characteristic chromosome misalignment phenotype but, as in control extracts, the staining with the anti-XCENP-E antibody revealed paired dots ( Figure 5A ). These data indicate that the chromosome misalignment phenotype is not the result of a premature entry into anaphase. Interestingly, while in control spindles, more than 90% of paired kinetochores were found in a narrow area around the spindle equator, in spindles assembled in depleted extract, fewer than 40% of paired kinetochores were found in this area ( Figure 5B ). The others were found at variable distances from the spindle equator and in some cases almost at the spindle pole ( Figures 5A and 5B ). This suggests that in the absence of Xkid, kinetochore activity is not sufficient to align whole chromosomes on the equatorial plate and, in addition, that kinetochore positioning itself is less "robust". To test if chromosome/ kinetochore misalignment was severe enough to interfere with chromosome segregation, we induced anaphase on spindles assembled in Xkid-depleted extract by addition of Ca 2ϩ ( Figure 5C ). In Xenopus egg extract, the spindle checkpoint is not activated under normal conditions (Minshull et al., 1994) , and thus anaphase can proceed even in the presence of misaligned chromosomes. Soon after Ca 2ϩ addition, chromosomes appeared to stretch along the spindle but did not manage to segregate and became compacted in the middle of the disintegrating spindle ( Figure 5C ). This indicates that chromosome alignment or some other event associated with Xkid function is essential for chromosome segregation.
Xkid Is Required to Maintain Chromosome Alignment on the Metaphase Plate
Our results indicated that Xkid was required for chromosome congression on the metaphase plate but did not provide information about a possible role in the maintenance of chromosome alignment during metaphase. To investigate this, spindles were assembled in Xenopus egg extracts until all chromosomes were aligned on the metaphase plate. Anti-Xkid (0.2 mg/ml) or control antibodies were then added and the reactions further incubated for up to 1 hr. In the presence of control antibodies, chromosomes remained well aligned on the equatorial plate of metaphase spindles even after 1 hr to the phenotype observed in depleted extracts or in lower than the velocity measured for chromatids moving to the poles during anaphase A (Desai et al., 1998). We extracts containing anti-Xkid antibodies (compare Figures 3D, 4A, and 6A) . These results indicated that chroconclude that Xkid function is required during metaphase to maintain chromosome arms tightly focused on mosome alignment at metaphase was not stable and required Xkid function to be maintained. the metaphase plate. To confirm these results, the dynamics of the process were followed by time-lapse video microscopy. Metaphase spindles were assembled in Xenopus egg ex-
Xkid Is Degraded during Anaphase in Egg Extract
Our results indicated that Xkid function was required tracts and antibodies (control or anti-Xkid) were added. Samples were immediately placed between a slide and through metaphase. However, immunoblot results (Figure 1C) showed that Xkid was not present in interphase a coverslip on a microscope stage and images were recorded at 30 s intervals for 5-10 min. In control samegg extracts. We thus wondered whether Xkid inactivation during anaphase would allow or facilitate chromaples, metaphase spindles were stable and chromosomes remained tightly focused on the metaphase plate.
tids' migration to the spindle poles. To investigate this point, we looked simultaneously at Xkid stability and However, in the presence of anti-Xkid antibodies, chromosomes that were tightly focused on the metaphase localization during anaphase in Xenopus egg extracts. Spindles assembled in cycled egg extract were induced plate at the beginning of the recording started to extend little rods, presumably chromosome arms, in the directo enter anaphase by addition of Ca et al., 1990) . In some cases, a chromosome may interact with microtubules emanating from one pole and there is an additional regulatory mechanism to switch off Xkid activity at anaphase. slide rapidly toward that pole (Rieder and Alexander, 1990) . Under normal conditions, polar ejection forces
The elimination of Xkid activity during spindle assembly prevents chromosome segregation during anagenerate the forces required to push chromosome arms toward the spindle equator and thus favor the attachphase. Although the tight packing of chromosomes on the metaphase plate is not a prerequisite for chromoment of the sister kinetochore to the opposite spindle pole. In the absence of ejection forces, forces exerted some segregation (Gorbsky et al., 1998) , the phenotype we observe during anaphase on spindles assembled in on the proximal kinetochore may not be sufficient to move the chromosome back toward the equator. The Xkid-depleted extract is extremely severe. It seems that chromosomes stretch a little bit and eventually snap opportunities for the sister kinetochore to interact with microtubules emanating from the other pole decrease back into a single mass. One possible explanation is that chromosomes become entangled in such a way and the chromosome may remain "stuck" close to one pole. In that sense, polar ejection forces would make that they cannot segregate anymore. Another possibility is that microtubule-kinetochore interactions are defecthe process of chromosome positioning more "robust", by ensuring that chromosomes cannot remain at one tive: microtubules do not interact properly with kinetochores, this interaction is not fully functional, or individpole for too long. Nonetheless, even in the absence of Xkid, the majority of kinetochores achieve a fairly good ual kinetochores can bind microtubules from opposite spindle poles. equatorial position. In conclusion, our data strongly support previous observations indicating that polar ejection forces applied on chromosome arms are essential for properties, both are likely to be plus-end directed, but ward spindle poles. These data suggest that Xkid moves other parameters like affinity and processivity could be chromosome arms toward microtubule plus ends. When very different. We also do not know the respective abunXkid function is impaired, chromosome arms may be dance of these motors on chromosome arms. Elucidadragged toward spindle poles by other forces, perhaps tion of these parameters will help us to understand how, another motor or forces related to the tubulin flux ocfrom a similar localization, these two motors can fulfill curring in the mitotic spindle (Sawin and Mitchison, different functions during mitosis. 1991b).
Our results also indicate that even after chromosome
Experimental Procedures
congression, an active mechanism is required to maintain chromosomes in a narrow band at the spindle equa- and NotI sites, cloned in the plasmid pFastBac Hta, and sequenced for DNA sequencing. One of the bands which was strongly upreguto confirm the absence of mutations. Protocols from the Bac-to-Bac lated in mature oocytes contained a 264 bp DNA fragment which Baculovirus expression system (Life Technologies) were followed to had 67% homology to the motor domain of human Kid. Full-length obtain recombinant virus. Xkid cDNAs were isolated from a ZAP Xenopus oocyte cDNA For purification, seven 245ϫ45 mm Nunc tissue culture dishes library (provided by J. Shuttleworth, University of Birmingham, UK) with Hi5 cells were infected for 48 hr. Cells were scraped off and using as a probe the 32 P-labeled 264 bp PCR fragment. Based on washed in cold PBS. The cell pellet was resuspended in 25 ml of partial sequencing and restriction endonuclease digestion, two dif-50 mM NaPi (pH 8), 10 mM KCl, 1.5 mM MgCl 2 , 5 mM ␤-mercaptoethferent classes of Xkid cDNAs were identified and one member of anol, and protease inhibitor mix (1 mg/ml of leupeptin, pepstatin, each group, clone 8-5 and clone 8-2B, was fully sequenced (Accesaprotinin, and 1 mM PMSF) and incubated for 15 min on ice. The sion numbers AJ249840 and AJ249841, respectively). All subsesuspension was homogenized with 25 strokes in a B-type dounce quent studies were done using clone 8-5. and centrifuged at 700 ϫ g for 10 min at 4ЊC. The pellet was reextracted in 7 ml of 50 mM NaPi (pH 8), 500 mM KCl, 5 mM MgCl 2 , 10% glycerol, 0.1% Tween20, 5 mM ␤-mercaptoethanol, and protease Preparation of anti-Xkid Antibodies inhibitor mix for 30 min on ice, homogenized as previously deThe cDNA encoding the last 90 aa of Xkid from clone 8-5 was scribed, and centrifuged for 10 min at full speed in an Eppendorf amplified by PCR introducing an EcoRI site at position 1778 and a centrifuge. The two supernatants were combined and mixed in batch SalI site after the stop codon. The PCR fragment (Xkid-tail) was with 3 ml of Talon resin (Clonetech) equilibrated in 50 mM NaPi (pH cloned into pMalc2 (New England Biolabs) and pGEX-KG (Phar-8), 150 mM KCl, 1.5 mM MgCl 2 , 10% glycerol, 2.5 mM ␤-mercaptomacia) vectors to produce malE and GST fusion proteins, respecethanol, and protease inhibitor mix at 4ЊC for 1 hr. The mixture tively. Rabbits were immunized with malE-Xkid-tail and the serum was loaded onto a column and washed with 15 column volumes of was affinity purified against GST-Xkid-tail using standard protocols. equilibration buffer containing 250 mM KCl (pH 7.2). Elution was performed in steps of 5ϫ2 ml 5 mM, 10 mM, 20 mM, and 50 mM Extracts from Xenopus Oocytes, Eggs, and Cells imidazole (pH 7.2) in wash buffer. A fraction eluted at 50 mM imidazand Immunoblotting ole was used for the study. Progesterone-treated and control oocyte extracts were prepared as described by 
